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ABSTRACT
This paper discusses the impact resistance of the mantis shrimp structure. Using past studies, an experiment was performed to
identify an optimal wall thickness of a modified mantis shrimp structure. Various samples were 3-D printed using PLA and
subjected to compression testing. Analysis of the data resulted in the finding that a wall thickness of 1.4 mm is the optimal
thickness to obtain a lightweight, impact resistant structure. These results are discussed further, along with limitations of the
findings.

INTRODUCTION
With many applications, impact resistant structures are becoming more prevalent. Impact resistant structures have the ability to
contribute to improvements in the aerospace and automotive industries, as well as for protective gear that could be used in
athletics or the military. A study on the mantis shrimp structure discusses the uses of a lightweight, impact resistant structure and
how the properties desired vary for each application. For example, in aircrafts a lightweight, high stiffness structure would be
desired, but if the goal was to have an aircraft that used wing-warping, a lower stiffness would be ideal [7]. While there are many
factors that contribute to impact resistance, one of the key aspects is the structure or design. There are varying structures that
have been found to have high impact resistance and many have been found in nature. Some of these include the honeycomb and
cuttlefish bone structure, shown below in Figures 1 and 2, respectively. There have been numerous studies on the honeycomb
structure, one of which investigated variations of the structure and how it affected different properties [15]. This study served as
an inspiration for the modification and investigation of the mantis shrimp structure in this experiment. Another study that
motivated this experiment involved the cuttlefish bone microstructure. Lattice blocks were designed based on the cuttlefish bone,
and topology optimization was used to find a lightweight lattice structure [5]. This further influenced the idea of creating a
lightweight structure inspired by the mantis shrimp.
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Scientists have been further researching the structure of a mantis shrimp club and have found that, while made of brittle material,
the dactyl club of a mantis shrimp is incredibly strong and impact resistant. It was found that the stomatopods, a group of marine
crustaceans, formed this club to adapt and thrive in their ecosystem [4]. In fact, moving at 80 km/h, the mantis shrimp uses its
dactyl club to strike prey thousands of times without breaking. According to research, the force created by the impact of the
mantis shrimp’s club is more than 1,000 times its own weight and can accelerate faster than a 22-calibur bullet [8]. Researchers
began looking into what made the club so strong and found that there were several different regions that made up the dactyl club.
The exterior of the club, the impact region, has a hard, crack-resistant coating that allows the mantis shrimp to transfer its
momentum to its prey upon impact. The interior of the club consists of the periodic region and the striated region. The periodic
region features an energy absorbent structure that filters out damaging shear waves. Research showed that the impact energy is
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dissipated through the twisting of micro-cracks around spiral fibers within the club, preventing fiber breakage or damage [16].
The spiraling arrangement of the fibers forms a helicoidal structure, where each layer is rotated by a small angle to eventually
complete a 180-degree rotation. There have been studies in regard to the angle of rotation, and it was found that the angle had a
significant impact on the shear resistance of the structure [11]. This helicoidal structure, known as a Bouligand structure, has
been found in many studies to be highly impact resistant and effective at dissipating impact energy [13]. This helicoidal structure
of the mantis shrimp was modeled by researchers as shown in Figure 3 below.

Using the image on the left, a SolidWorks model was created to mirror the helicoidal structure contained within the mantis
shrimp’s dactyl club. This model is shown in Figure 4. The SolidWorks model was 3-D printed using polylactic acid (PLA) and
subjected to compression testing.

However, while this structure is already known to have high impact resistance, it was determined that the mantis shrimp structure
could be improved upon. In this study, the cylindrical rods that make up the mantis shrimp structure in Figure 4 were modified to
be hollow cylinders with varying wall thicknesses to find the optimal thickness that would result in a lighter structure without
sacrificing durability.
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To do this, six different mantis shrimp structures were 3-D printed, including the original, solid structure (3 mm wall thickness).
The other structures were printed with cylinders of wall thicknesses of 0.8 mm, 1.0 mm, 1.2 mm, 1.4 mm, and 1.6 mm. Each of
these structures was then subjected to a compression test that collected data about displacement and force inflicted upon the
structure. The goal was to obtain a stress-strain curve for each structure, which, in turn, would provide the stiffness of the sample.
This method has been used in other studies as well. For example, one study used a stress-strain curve to determine the arterial
stiffness of the human carotid artery, showing that it is an analysis technique utilized in many fields [6]. With the stiffness
obtained, and density calculated from measured values, the stiffness per density for each structure could be found and compared
to one another to determine the optimal wall thickness of the cylinders.
The helicoidal structure of the mantis shrimp being found in many studies to reduce damage propagation in an impact event and,
in fact, increase in toughness will contribute to the design of parts for aerospace, automotive, and armor applications [3]. While
these are a few key situations that this study can have an impact on, there are numerous other applications for a lightweight,
impact-resistant structure.

LITERATURE REVIEW & STUDY FRAMEWORK
There have been studies conducted on the mantis shrimp structure in the past. However, these studies mainly focus on the mantis
shrimp structure itself, and not creating a variation of the mantis shrimp structure. The following studies conducted establish the
impact resistance of the mantis shrimp structure and provide a basis for the study conducted on the variation of the structure.
One study examined the impact properties of the telson of the mantis shrimp. The telson is a piece of abdominal armor that
withstands recurring impacts during ritualized fighting. In this study, the coefficient of restitution was measured, giving the index
of elasticity of the telson. This was compared to another piece in the abdomen of the mantis shrimp that is not typically subjected
to impacts. It was found that the telson dissipates much of the impact energy, behaving as an inelastic punching bag [14]. This is
consistent with many other studies that have found the ability of the mantis shrimp structure to dissipate the impact energy is the
key to the impact resistance of the structure.
Another study confirms that higher stiffness and strength properties have a greater ability to dissipate impact energy. It was found
that the fibers that exhibit martensite phase transformations dissipate much of the impact energy. In turn, they found that the
fibers that have martensite phase transformations have higher stiffness and strength properties [9]. This is an important part of the
study as it allows for the identification of the optimal wall thickness.
While a previous study mentioned focused on the telson in the abdominal armor, there have been others based on the Bouligand
structure in the dactyl club, which is the helicoidal structure shown in Figure 3. Both computational and experimental approaches
are used to investigate the impact resistance of the mantis shrimp. One of the techniques used was performing fracture
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experiments on the helicoidal structure. This allowed researchers to study the stress distribution and energy dissipation
mechanisms in the structure [12].
Focusing more closely on the impact energy, one study looked at the magnitude of the impact generated by the mantis shrimp
striking its prey. Each strike produced two high amplitude force peaks. The first peak is a result of the limb’s impact, while the
second is caused by the collapse of cavitation bubbles. The impact of the limb can create a force ranging from approximately 400
to 1,500 Newtons [10]. Knowing this provides valuable insight into the structure of the mantis shrimp and how much impact
energy it can withstand.
By using the helicoidal structure found in the mantis shrimp’s dactyl club, researchers performed numerous numerical analyses of
low velocity impacts on the samples. This gave insight into the damage resistance of the structure. It was found that the helicoidal
structure had little fiber damage compared to other structures tested, confirming results found in other studies [2].

METHODOLOGY
Samples were created by first modeling the geometry in a 3-D CAD modeling software, SolidWorks, and then slicing these
models into layers in a slicer called Cura. Cura uses the slices of the object to create a toolpath for the 3-D printer to follow. Five
different types of samples with varying wall thicknesses of the cylinders were chosen to be tested and compared to the solid
version. Wall thickness chosen were 0.8 mm, 1.0 mm, 1.4 mm, and 1.6 mm with 0.2 mm increments as it was determined that it
would provide enough of a difference to the strength and density without skipping over too many possible wall thicknesses and
the 3-D printer could properly manufacture each of these sizes. Overall, the sample set would be enough to establish a distinct
trend.
The samples were subjected to a compression test in the MTS 370.10 Landmark, shown in Figure 5, which recorded the time,
displacement, and force on the sample. The MTS 370.10 Landmark has a dynamic load rating of +/-22,000 lbs. (+/- 100 kN). A
laboratory balance was used to measure the mass of each sample within 1 mg. Although there is some uncertainty in the
instruments used in the experiment, it is not enough to affect the result of the experiment.
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The length/height of each sample was recorded, along with the mass and area of the top of the sample. This information is used to
calculate stress and strain. The samples were subjected to compression testing with a displacement rate of 1.3 mm/min. Before
beginning the compression test, the sample was centered on the plates as shown in Figure 6.

The compression test was allowed to run until the sample had reached maximum strength and the sample began to crush
individual layers. The data file containing the recorded time, displacement, and force was then copied and imported into the
Excel workbook created for the measured values of the sample. The stress on the sample for each data point was calculated using
Equation 1, with F representing the force on the sample and A being the area of the top of the sample. Since the force was in the
downward direction, this resulted in negative values for stress, so the absolute value was taken to obtain a proper stress-strain
curve.

The strain was calculated using Equation 2, with ΔL representing the change in length and L being the original length. Note that
the height of the sample is synonymous to the length, and the displacement values represent the change in height of the sample.
Again, the displacement results in negative values for strain, so the absolute of the calculated values is used.

Impact Resistant 3D Printed Structures

Table 1 displays the first few rows of data in Excel that have been calculated for each sample. This data is used to create a stressstrain curve that allows the stiffness for each structure to be found.

Using the values for strain on the horizontal axis and the stress values on the vertical axis, a scatter plot was created of the data,
representing a stress-strain curve for the sample. However, the stiffness of the structure is obtained from the elastic region, or
where the graph is linear on the stress-strain curve. Focusing on the elastic region and excluding data points outside of it resulted
in a line with which a linear trendline could be made. Viewing the equation for the trendline provided the stiffness of the sample,
as the slope of the elastic region corresponds to the stiffness. This stiffness value was recorded for each sample. Using the
measured and calculated values, the volume, density, and stiffness per density were calculated for the different structures.

Table 2 above shows an example of the measured and calculated data for a sample. These steps were completed for each sample
and a table and corresponding plot were created from the values for stiffness per density vs. wall thickness. From the table and
plot, the optimal wall thickness could be identified as the highest point or value of stiffness per density. The stiffness per density
value is proportional to the stiffness and inversely proportional to density. Thus, larger values corresponding to the stiffness of
the structure while also having a low density will result in the optimal structure.
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Results & Analysis
Six different samples were considered in the experiment. These include structures with wall thicknesses of 0.8 mm, 1.0 mm, 1.2
mm, 1.4 mm, 1.6 mm, and 3 mm (solid). Each sample was tested, and the data was analyzed as described previously.

Wall Thickness — 0.8 mm
Figures 7 and 8 show the SolidWorks model of the structure with 0.8 mm wall thickness.

Figures 9 and 10 show the sample before and after compression testing, respectively. This particular sample was not allowed to
run for as long in the compression test, so the deformation is not as visible. However, the maximum strength of the structure was
obtained, ensuring accurate results and a full stress vs. strain curve.
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After analyzing the recorded data, the following stress vs. strain plot was created (Figure 11). Focusing on the elastic region of
the curve, the stiffness of the structure can be obtained from the slope of the linear trendline shown in Figure 12.

With the stiffness of 31,953.3 MPa, a stiffness per density value of 115.14 kN-m/kg was obtained for the 0.8 mm wall thickness
sample.

Wall thickness — 1.0 mm
Figures 13 and 14 show the SolidWorks model of the structure with 1.0 mm wall thickness.

Impact Resistant 3D Printed Structures

Figures 15 and 16 show the sample before and after compression testing, respectively. This particular sample was not allowed to
run for as long in the compression test, so the deformation is not as visible. However, the maximum strength of the structure was
obtained, ensuring accurate results and a full stress vs. strain curve.

After analyzing the recorded data, the following stress vs. strain plot was created (Figure 17). Focusing on the elastic region of
the curve, the stiffness of the structure can be obtained from the slope of the linear trendline shown in Figure 18.
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With the stiffness of 49,414.8 MPa, a stiffness per density value of 147.5 kN-m/kg was obtained for the 1.0 mm wall thickness
sample.

Wall Thickness — 1.2 mm
Figures 19 and 20 show the SolidWorks model of the structure with 1.2 mm wall thickness.

Figures 21 and 22 show the sample before and after compression testing, respectively. This sample was allowed to run for
approximately 20 minutes in the compression test, so the deformation of the structure is clearly seen.
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After analyzing the recorded data, the following stress vs. strain plot was created (Figure 23). Focusing on the elastic region of
the curve, the stiffness of the structure can be obtained from the slope of the linear trendline shown in Figure 24.

With the stiffness of 57,270.7 MPa, a stiffness per density value of 154.2 kN-m/kg was obtained for the 1.2 mm wall thickness
sample.
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Wall Thickness — 1.4 mm
Figures 25 and 26 show the SolidWorks model of the structure with 1.4 mm wall thickness.

Figures 27 and 28 show the sample before and after compression testing, respectively. This sample was allowed to run for
approximately 20 minutes in the compression test, so the deformation of the structure is clearly seen.

After analyzing the recorded data, the following stress vs. strain plot was created (Figure 29). Focusing on the elastic region of
the curve, the stiffness of the structure can be obtained from the slope of the linear trendline shown in Figure 30.
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With the stiffness of 103,857.4 MPa, a stiffness per density value of 246.8 kN-m/kg was obtained for the 1.4 mm wall thickness
sample.

Wall Thickness — 1.6 mm
Figures 31 and 32 show the SolidWorks model of the structure with 1.6
mm wall thickness.
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Figures 33 and 34 show the sample before and after compression testing, respectively. This sample was allowed to run for
approximately 10 minutes in the compression test, so the deformation of the structure is visible.

After analyzing the recorded data, the following stress vs. strain plot was created (Figure 35). Focusing on the elastic region of
the curve, the stiffness of the structure can be obtained from the slope of the linear trendline shown in Figure 36.

With the stiffness of 98,157.9 MPa, a stiffness per density value of 222.6 kN-m/kg was obtained for the 1.6 mm wall thickness
sample.
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Wall Thickness — 3.0 mm (Solid)
Figures 37 and 38 show the SolidWorks model of the structure with 3.0 mm wall thickness.

Figures 39 and 40 show the sample before and after compression testing, respectively. This sample was allowed to run for
approximately 15 minutes in the compression test, so the deformation of the structure is visible.

After analyzing the recorded data, the following stress vs. strain plot was created (Figure 41). Focusing on the elastic region of
the curve, the stiffness of the structure can be obtained from the slope of the linear trendline shown in Figure 42.
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With the stiffness of 70,619.3 MPa, a stiffness per density value of 147.8 kN-m/kg was obtained for the 3.0 mm wall thickness
sample.

DISCUSSION OF FINDINGS
Comparing the stiffness per density values obtained for each sample yields the results shown in Table 3 below. These stiffness
per density values were then plotted for each wall thickness as shown in Figure 43. From the table and plot, the optimal value
was identified to be at a wall thickness of 1.4 mm. It can be observed from Table 3 and Figure 43 that the stiffness per density
values increase with wall thickness until the thickness of 1.4 mm is reached, after which, the values continuously decrease for the
remaining wall thicknesses considered.
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Since, according to this testing, 1.4 mm is the optimal wall thickness, it can be concluded that while a greater wall thickness may
be stronger, it is also much heavier. On the other hand, smaller wall thicknesses may be more lightweight, but they are not as
strong. Thus, the value of 1.4 mm is the balance of a lightweight structure that still maintains its strength.
Based on the study, the results obtained are reasonable. As the cylinders in the structure have a 6.0 mm diameter, the original,
solid structure of the mantis shrimp has a wall thickness of 3.0 mm. The results of the experiment gave 1.4 mm as the optimal
thickness. This is nearly half of the original wall thickness. At this thickness, the structure is much lighter, but has not lost its
strength. It will be discussed further in the limitations section, but it is possible if more samples were tested, the optimal wall
thickness of the cylinders could be found to be 1.5 mm, however, this would require using non-standard nozzle sizes on the 3-D
printer.

CONCLUSIONS & RECOMMENDATIONS
With the finding of 1.4 mm wall thickness having a higher stiffness per density value than the original, solid structure, the goal of
improving upon the mantis shrimp structure was accomplished. The mantis shrimp structure with a wall thickness of 1.4 mm is a
lighter weight structure that does not sacrifice strength. These findings can contribute to improvements in the aerospace and
automotive industries, as well as for protective gear that could be used in athletics or the military.
While the results of the study were significant, if performed in the future, there are some aspects that could be changed. As
discussed in the following limitations section, more samples should be tested at smaller increments of wall thickness to obtain a
more precise optimal wall thickness. Multiple samples should be tested for each sample as well to ensure repeatability. The angle
of rotation in the helicoidal structure could also be adjusted to see the effect on the impact resistance. This study could also be
performed using a different material than PLA. Doing so would be useful in applications where a less brittle material is desired.
However, there have been studies on PLA reinforced with different fibers that have found the composite material to have high
impact strength, which could contribute to a better structure and material combination for impact resistance [1]. Overall, this
study provides a good basis for other experiments in the future.
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LIMITATIONS
While the results of this experiment are significant, there are some limitations that should be considered. Although the optimal
wall thickness was found to be at 1.4 mm, the samples were only tested in 0.2 mm increments. Therefore, once a critical range
was found, more samples should be tested in smaller increments to find a more precise value for the optimal wall thickness of the
cylinders in the mantis shrimp structure. For example, since 1.4 mm was at the peak between 1.2 mm and 1.6 mm, values within
that range should be tested at 1 mm increments. If it is then determined that the peak is between 1.3 mm and 1.5 mm, increments
of 0.5 mm could be used for testing samples, and so on, until a precise value is obtained for the optimal wall thickness. How
precise of a value needed could be determined by the application, otherwise, a value accurate to two decimal places would suffice
in many situations. Limitations to nozzle sizes should also be considered. For the scale of testing completed in this study, nozzles
of 0.4 mm, 0.6 mm, 0.8 mm, and 1.0 mm are relatively easy to use and have on hand. Other sizes would be considered nonstandard and would likely need to be custom made.
Another limitation to this experiment is that the stiffness taken from the stress-strain curve was an estimate. It was not ensured
that the data considered was perfectly linear when creating the trendline, and consequently, the stiffness values may differ
slightly. However, the change in stiffness would not be enough to obtain different results in terms of the identified optimal wall
thickness, and since the goal of the study was to find the optimal wall thickness, the exact stiffness per density values are not of
significance.
There is also a limitation in regard to the setting of the experiment. The compression testing was completed in ambient
temperatures, so there may be some differentiation if the 3-D printed structure was to be used in a different climate. With that
being said, the physical properties of the structure would remain unchanged, giving the same result for the optimal wall thickness.
However, depending upon the application or intended use of the structure, the climate, temperature, and humidity should be taken
into consideration as it may have an effect on how the structure reacts and performs.
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MTS 370.10 Landmark Specifications:
https://www.mts.com/cs/groups/public/documents/library/dev_004324.pdf

